The dorsolateral striatum is critically involved in movement control and motor learning. Striatal function is regulated by a variety of neuromodulators including acetylcholine. Previous studies have shown that cholinergic activation excites striatal principal projection neurons, medium spiny neurons (MSNs), and this action is mediated by muscarinic acetylcholine subtype 1 receptors (M 1 ) through modulating multiple potassium channels. In the present study, we used electrophysiology techniques in conjunction with optogenetic and pharmacological tools to determine the long-term effects of striatal cholinergic activation on MSN intrinsic excitability. A transient increase in acetylcholine release in the striatum by optogenetic stimulation resulted in a long-lasting increase in excitability of MSNs, which was associated with hyperpolarizing shift of action potential threshold and decrease in afterhyperpolarization (AHP) amplitude, leading to an increase in probability of EPSP-action potential coupling. The M 1 selective antagonist VU0255035 prevented, while the M 1 selective positive allosteric modulator (PAM) VU0453595 potentiated the cholinergic activation-induced persistent increase in MSN intrinsic excitability, suggesting that M 1 receptors are critically involved in the induction of this long-lasting response. This M 1 receptor-dependent long-lasting change in MSN intrinsic excitability could have significant impact on striatal processing and might provide a novel mechanism underlying cholinergic regulation of the striatum-dependent motor learning and cognitive function. Consistent with this, behavioral studies indicate that potentiation of M 1 receptor signaling by VU0453595 enhanced performance of mice in cuedependent water-based T-maze, a dorsolateral striatum-dependent learning task.
Introduction
The striatum is the primary gateway to the basal ganglia and critically involved in movement control, motor learning, habit formation and cognition (Albin et al., 1989; Cools, 2011; DeLong, 1990; Graybiel, 2008; Pisani et al., 2005; Schultz et al., 2003) , and its function is highly regulated by multiple neuromodulator systems including the cholinergic system (Goldberg et al., 2012; Pisani et al., 2007) . Cholinergic activation plays a critical role in regulating striatal function, including modulation of neuronal excitability of the striatal principal medium spiny neurons (MSNs) (Akins et al., 1990b; Galarraga et al., 1999; Shen et al., 2005 Shen et al., , 2007 Xiang et al., 2012) , glutamatergic signaling and plasticity at corticostriatal synapses (Bonsi et al., 2008; Calabresi et al., 1992; Hsu et al., 1995; Pakhotin and Bracci, 2007; Pancani et al., 2014; Smolders et al., 1997; Sugita et al., 1991; Wang et al., 2006) , GABAergic transmission and inhibitory network activity (English et al., 2012; Koos and Tepper, 2002; Sugita et al., 1991) , as well as acetylcholine (ACh) and dopamine (DA) release (Bendor et al., 2010; Foster et al., 2014; Starke et al., 1989; Zhang et al., 2002a) . Disturbances of striatal cholinergic signaling have been implicated in multiple neurologic and neuropsychiatric disorders including in Parkinson's disease, Huntington's disease, dystonia, Tourette syndrome and schizophrenia (Aosaki et al., 2010; Holt et al., 1999; Kataoka et al., 2010; Lange et al., 1992; Pisani et al., 2007) .
Cholinergic regulation of striatal function is primarily mediated through ACh released from tonically active, giant aspiny cholinergic interneurons (ChIs), which have widespread and rich axonal arborizations within the striatum, and activate nicotinic as well as muscarinic acetylcholine receptors (mAChRs) (Aosaki et al., 1995; Bennett et al., 2000; Bolam et al., 1984; Hersch et al., 1994; Kawaguchi et al., 1995; Wilson et al., 1990; Zhou et al., 2002) . In addition, recent studies indicate that the striatum also receives cholinergic innervation from the brainstem cholinergic system, particularly the pedunculopontine nucleus that preferentially innervates the dorsolateral striatum (Dautan et al., 2014) . The mAChR family includes five highly related but structurally distinct subtypes (M 1 -M 5 ) with distinct molecular and pharmacological profiles (Bonner et al., 1987; Caulfield and Birdsall, 1998; Hulme et al., 1990) . M 1 , M 3 and M 5 mAChR subtypes are preferentially coupled to G q/11 and activate phospholipase C, which initiates phosphoinositide hydrolysis and intracellular Ca 2þ mobilization, whereas M 2 and M 4 subtypes are coupled to G i/o and associated signaling pathways such as adenylyl cyclase and various ion channels (Caulfield, 1993; Hulme et al., 1990) . All mAChR subtypes are expressed in the striatum with M 1 and M 4 being the most abundant subtypes in this structure (Bernard et al., 1992; Hersch et al., 1994; Levey et al., 1991; Weiner et al., 1990; Yan et al., 2001) . The M 1 receptor subtype is highly expressed on both dopamine D 1 receptor containing striatonigral and D 2 receptor containing striatopallidal MSNs (Hersch et al., 1994; Yan et al., 2001) . In previous studies, we and others found that cholinergic activation causes acute excitation of MSNs and this action is mediated by M 1 receptors through modulating activity of multiple ionic channels, including potassium channels (Akins et al., 1990a; Galarraga et al., 1999; Hsu et al., 1996; Shen et al., 2005 Shen et al., , 2007 Xiang et al., 2012) and persistent sodium channels (Carrillo-Reid et al., 2009 ). In addition, M 1 receptor activation also regulates MSN activity by inhibiting voltage-gated calcium channels (PerezBurgos et al., 2008 (PerezBurgos et al., , 2010 Perez-Rosello et al., 2005) , which in turn reduces the afterhyperpolarization (AHP) (Perez-Rosello et al., 2005) . Activation of M 1 -like receptors has also been shown to enhance MNDA receptor-mediated responses (Calabresi et al., 1994) and long-term potentiation in striatal MSNs (Calabresi et al., 1999) . However, the long-term impact on MSN excitability following a transient increase in striatal cholinergic activity has not been explored. In the present study, we used electrophysiology techniques in conjunction with optogenetic and pharmacological tools to address this question. We found that optogenetic activation of striatal cholinergic system induces a long-lasting increase in intrinsic excitability of MSNs. The long-lasting response is associated with hyperpolarized action potential threshold and decreased amplitude of AHP following a single action potential, which subsequently lead to a persistent enhancement of excitatory postsynaptic potential-action potential (EPSP-AP) coupling in MSNs without changes in the EPSP slope. The M 1 receptor is critically involved in induction of this long-lasting response, as it can be prevented by M 1 antagonist VU0255035 and potentiated by M 1 positive allosteric modulator (PAM) VU0453595. In addition, administration of the M 1 PAM enhances the performance of mice in cue-dependent water-based T-maze, a motor learning task that depends upon the dorsolateral striatum (Balleine et al., 2009; Darvas and Palmiter, 2009 ).
Material and methods

Animals
Mice with C57BL/J6 background were used in the present studies. All animals were group housed with food and water available ad libitum. Animals were kept under a 12 h light/dark cycle with lights on from 6 a.m. to 6 p.m. and were tested during the light phase. All experimental procedures were approved by the Vanderbilt University Animal Care and Use committee and followed the guidelines set forth by the Guide for the Care and Use of Laboratory Animals. Wild type C57BL/J6 mice and ChAT-ChR2-EYFP line 5 mice [B6.Cg-Tg(Chat-COP4*H134R/EYFP, Slc18a3) 5Gfng/J, ChAT-ChR2 mice] expressing an improved channelrhodopsin-2/ EYFP fusion protein (mhChR2:YFP) in the cholinergic neurons via the mouse choline acetyltransferase promoter (Zhao et al., 2011) were obtained from Jackson Laboratory (Bar Harbor, ME). The breeders of Drd1a-tdTomato line 6 mice were kindly provided by Dr. Gregg Stanwood at Vanderbilt University, which were originally developed in the Calakos Laboratory at Duke University (Ade et al., 2011) . The ChAT-ChR2-EYFP:Drd1a-tdTomato mice were generated in house by crossbreeding ChAT-ChR2-EYFP line 5 mice with Drd1a-tdTomato line 6 mice.
Ex vivo brain slice preparation
Mice (26e75 days old) of either sex were deeply anesthetized with isoflurane, and the brains were removed from the skull and submerged in oxygenated (95% O 2 /5% CO 2 ), ice-cold cutting solution composed of (in mM): 220 glucose, 2.5 KCl, 8 MgSO 4 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose. Coronal brain slices (300e400 mm) containing the striatum and cortex were cut using a Leica VT1200S microtome (Leica Microsystems Inc., Buffalo Grove, IL), incubated in artificial cerebrospinal fluid (ACSF) at 32 C for 30 min, and then maintained at room temperature afterward until transferred to a recording chamber. The chamber was continuously perfused with oxygenated ACSF. The ACSF contained (in mM): 126 NaCl, 2.5 KCl, 2.0 CaCl 2 , 1.3 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose.
Ex vivo electrophysiology
Whole cell or cell-attached recordings were made from visually identified striatal MSNs or cholinergic interneurons under an Olympus BX50WI upright microscope (Olympus, Lake Success, NY). The electrophysiological signal was amplified using an Axon Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Recording electrodes were prepared from borosilicate glass (Sutter Instruments, Novato, CA) using a Narishige puller (model PP-830; Narishige International USA, East Meadow, NY). The electrode resistance was 3e5 MU when filled the following pipette solution (in mM): 120 K-MeSO 4 , 1 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 1 EGTA, 12 phosphocreatine, 0.4 GTP and 2 ATP. The pH of the pipette solution was adjusted to 7.3 with 1 M KOH, and osmolarity was adjusted to 285e295 mOsm. The change of excitability of MSN was assessed in current clamp mode by monitoring the change in the number of spike discharges in response to a near rheobase depolarization current step (1.5 s). The access resistance was checked at the beginning and the end of each experiment, which were compensated using "bridge balance". The input resistance (R N ), action potential threshold and afterhyperpolarization (AHP) amplitude were also monitored. R N was determined using Ohm's laws by measuring the voltage deviation in response to injection of a hyperpolarization current pulse (À50 pA, 1.5 s). To determine the action potential threshold and AHP amplitude, we applied a depolarization current ramp (100 pA/s) that typically elicited 3e5 spikes in the recorded cell during baseline. The action potential threshold and AHP amplitude of the first spike evoked by the current ramp were measured using MiniAnalysis software (Synaptosoft Inc., Decatur, GA) and averaged over three to four trials. The AHP amplitude was defined as the difference in voltage between spike threshold and the maximal negative deflection after the spike. The hyperpolarization current step, depolarization current step and current ramp were given every 30 s. To determine the effect on excitability of MSNs following increased ACh release by synchronized activation of striatal cholinergic interneurons and processes, blue laser light stimulation (Crystal Laser, 473 nm, 4.7 mW, 4 s prior to the onset of a depolarization pulse applied to the recorded MSN, 10 s in duration, repeated 6 times every 30s) was delivered through an optic fiber (200 mm in diameter, Thorlabs, Newton, NJ) positioned near the slice surface over the recorded cell.
To assess the effect of optical stimulation induced increase in ACh on EPSP-action potential (EPSP-AP) coupling, a pair of EPSPs were evoked in MSNs by electrical stimulation of the corpus callosum at a paired-pulse interval of 50 ms delivered every 30 s using a concentric bipolar tungsten electrode (Frederick Haer Company, Bowdoinham, ME). The EPSPs were recorded at a membrane potential between À87 and À65 mV by injecting a current step between 0 and 170 pA while the intensity of synaptic stimulation was adjusted such that the first EPSPs elicited spikes less than 30% of trials and the second EPSPs elicited spikes over 70% of trials in the paired pulse stimulation protocol. To determine the effect of cholinergic activation on EPSP-AP coupling, blue laser light was applied to the slice for 10s prior to the synaptic stimulation. All drugs were bath applied.
Electrophysiology data acquisition and analysis
Electrophysiology data were acquired and digitized using a Digidata 1440 A and pClamp 9.2, and analyzed using Clampfit 9.2 (Molecular Devices, Sunnyvale, CA) and MiniAnalysis (Synaptosoft Inc., Decatur, GA). Statistic comparison was performed using t-test or one-way ANOVA with post hoc test, with a p value of <0.05 considered significant. Data were presented as mean ± SEM.
Visual cue discrimination motor learning
Adult male C57Bl/6 mice were used in this study. The effect of M 1 PAM VU0453595 on dorsolateral striatum-dependent, nonspatial discrimination motor learning was assessed using a visual cue-dependent, water based T-maze task as previously described (Balleine et al., 2009; Darvas and Palmiter, 2009; Gorski et al., 2003) . The apparatus consisted of a water-filled two-arm Tmaze. The stem of the maze was black (35 Â 6 Â 12 cm) which led to two choice alleys (28 Â 6 Â 12 cm). One of the choice alleys was covered in a striped pattern and the other was covered in a checkered pattern. Each mouse was assigned a positive arm containing a hidden escape platform, which was randomized between the striped and checkered arm. During testing, the left-right location of the positive arm was semi-randomly specified. Thirty minutes prior to testing, the animals were injected with VU0453595 (1e10 mg/kg, intraperitoneal (i.p.)) or vehicle (20% beta-cyclodextrin (BCD)) and returned to their home cage. Daily testing consisted of placing the mouse in the stem of the maze and allowing it to swim to find the escape platform. If the mouse made an incorrect response in choosing the arm containing the escape platform or did not make a choice (120 s maximum) then it was guided to the escape platform. Eight tests per mouse were performed daily with an inter-trial interval of 10 min. Data are presented as percent correct responses, which was determined by dividing the amount of correct choices made (entering positive arm without entering incorrect arm first) by the amount of total choices made. The number of trials before meeting criteria was also determined for each mouse. A mouse was considered to have met criteria when it made 75 percent correct choices during a testing session. Statistical analysis was performed using a two-way analysis of variance. Comparison of treatment group effects were completed using a Bonferroni multiple comparisons test with a p value of <0.05 considered significant.
Drugs
All reagents were purchased from Sigma except for DNQX and AP5 (Tocris Bioscience, Ellisville, MO). VU0255035 and VU0453595 were synthesized and characterized in our medicinal chemistry and molecular pharmacology laboratories.
Results
Optogenetic activation of cholinergic interneurons induced long-lasting increase in excitability of MSNs
To determine whether transient activation of cholinergic interneurons (ChIs) and processes in the striatum could induce a persistent change in intrinsic excitability of MSNs, we used ChATChR2-EYFP transgenic mice that expressed channelrhodopsin-2 (ChR2) under the control of the choline acetyltransferase promoter (Zhao et al., 2011) or mice generated by crossbreeding Drd1a-tdTomato BAC transgenic mouse line 6 (Ade et al., 2011) with ChAT-ChR2 transgenic mice. These crossbred transgenic mice allowed for identifying D 1 receptor containing striatonigral MSNs with tdTomato-positive somata and D 2 receptor containing striatopallidal MSNs with tdTomato-negative somata (Ade et al., 2011) and subsequently determining the effect of optogenetic activation of striatal cholinergic system on excitability of these subsets of MSNs.
Optical stimulation with blue laser light significantly increased the firing rate of ChIs expressing ChR2. As illustrated in Fig. 1 , light stimulation (470 nm, 4.7 mW/mm 2 , 10s) caused ChIs to fire action potentials at higher rate followed by spike-frequency adaptation with no sign of depolarization block ( Fig. 1B and D) . The mean instantaneous frequency increased from 1.15 ± 0.30 Hz in baseline to 3.75 ± 0.34 Hz during 10s optical stimulation measured in cellattached mode (n ¼ 6; Fig. 1E ). The ChIs were identified by their morphology and subsequent electrophysiology characterization under whole cell current clamp condition. They displayed characteristics of autonomous activity and a voltage-and time-dependent depolarizing sag in membrane potential in response to hyperpolarizing current injection under current clamp condition ( Fig. 1B and C) (Bennett and Wilson, 1999; Kawaguchi et al., 1995) . In addition, the light stimulation also activated the cholinergic axons, including those innervated from the brainstem cholinergic system (Dautan et al., 2014) . First we carried out experiments in ChATChR2 transgenic mice without differentiating D 1 and D 2 MSNs. The intrinsic neuronal excitability was measured by monitoring the number of spike discharges in response to a near threshold depolarization current pulse (1.5 s in duration) under current clamp condition. The amplitude of the depolarization current pulse was adjusted such that only 2e4 spikes were elicited prior to the optical stimulation. As illustrated in Fig. 2Ae1 , synchronized activation of striatal ChIs and cholinergic axons using the optical stimulation (470 nm, 4.7 mW/mm 2 , 10 s, repeated 6 times every 30 s) induced a long-lasting increase in intrinsic excitability of a striatal MSN (Fig. 2Ae1) . For 4 MSNs, the number of spike in response to a given depolarization pulse was increased by 10.0 ± 3.5 measured at 35 min following the light stimulation. When we recorded from D 1 and D 2 (non-D 1 ) MSNs in slices taken from mice generated by crossbreeding Drd1a-tdTomato BAC mice with ChAT-ChR2 mice, the light stimulation could induce the persistent increase in excitability of these neurons in a similar way ( Fig. 2A2 and 2A3 ; with increases in number of spike per pulse by 10.6 ± 3.9 for D1 MSNs, n ¼ 3; and 8.2 ± 1.3 for D2 MSNs, n ¼ 2; measured at 35 min after light stimulation). The cell from a ChAT-ChR2 mouse in Fig. 2Ae1 seemed to have more prominent maximal response after light stimulation, but this was not consistent observation as there were MSNs from ChAT-ChR2 mice that showed maximal responses comparable to those in D1 and D2 MSNs. We pooled the data together for statistical analysis. Light stimulation elicited an increase in number of spike discharge in response to the depolarization current pulse. The increased excitability developed over time and persisted after termination of the light stimulation with a maximal increase in number of spikes per pulse (change in # of spikes/pulse) of 13.5 (from 3.6 ± 0.4 of baseline to 17.1 ± 1.6, n ¼ 9), and a mean increase in number of spikes of 9.9 ± 2.2 measured 35 min after the light stimulation (n ¼ 9; Fig. 2C ). In the rest of studies, we used only ChAT-ChR2 transgenic mice without differentiating D 1 and D 2 MSNs.
M 1 mAChR antagonist VU0255035 inhibits long-lasting increase in excitability induced by optogenetic activation of cholinergic interneurons
Our previous studies and others have demonstrated that M 1 mAChR activation can cause acute excitation of MSNs (Akins et al., 1990a; Galarraga et al., 1999; Hsu et al., 1996; Shen et al., 2005 Shen et al., , 2007 Xiang et al., 2012) . Based on these findings, it is conceivable that the persisting increase in intrinsic excitability of MSNs following the transient elevation in striatal cholinergic activity might be induced by M 1 receptor activation. To test the role of M 1 in the initiation of this long-lasting response, we applied VU0255035 (10 mM) during the light stimulation and found that the M 1 antagonist greatly attenuated the magnitude of long-term increase in MSN intrinsic excitability (Fig. 3) . In the presence of VU0255035, the maximal increase in number of spike discharge was significantly lower than that in the control condition (4.4 ± 1.0 in VU0255035, n ¼ 7, compared with 13.5 ± 1.6 in control, n ¼ 9, p ¼ 0.0003, t-test; Fig. 3B ), and the number of spikes in response to the current pulse returned to the baseline level 25 min after the light stimulation, which differed significantly from the value in control condition (0.8 ± 1.1, n ¼ 7, compared with 10.3 ± 1.9, n ¼ 9, p ¼ 0.0007, t-test; Fig. 3B ). These results suggest that M 1 mAChR activation is required for induction of the persistent increase in excitability of MSNs. To test the possibility that optogenetic activation of striatal cholinergic system might cause a persistent increase in ACh tone that acted on M 1 receptors and contribute to the long-lasting response, we applied the M 1 antagonist VU0255035 (10 mM) 10 min after the light stimulation and found that the M 1 antagonist was not able to reverse the increased excitability (data not shown). These data suggested that the expression of longlasting excitability was not due to persistent increase in ambient ACh level following light stimulation.
M 1 positive allosteric modulator (PAM) VU0453595 potentiates the effect of submaximal optical stimulation of ChIs on MSN excitability
To further verify the role of M 1 in the induction of long-lasting increase in MSN excitability, we used novel M 1 PAM VU0453595 that displays high selectivity for M 1 mAChR over other mAChR subtypes (Ghoshal et al., 2016; Panarese et al., 2014) , in conjunction with a submaximal optical stimulation protocol that induced transient but no long-lasting effect on MSN excitability. As illustrated in Fig. 4A , application of M 1 PAM VU0453595 (3 mM) induced a transient increase in excitability of MSNs (n ¼ 9), likely due to potentiation of ambient endogenous ACh acting on M 1 receptors on MSNs. The number of spikes in response to a given amplitude of current injection measured at 20 min after washout of the M 1 PAM was not significantly different from the baseline value (7.0 ± 2.5 compared with 3.8 ± 0.4 in baseline, p ¼ 0.30, n ¼ 9, paired t-test).
To moderately elevate striatal cholinergic activity, we applied 20 pulses (50 ms each) of optical stimulation at 2 Hz, which could render cholinergic interneuron firing synchronized at 2 Hz. Fig. 4B showed an example of cell-attached recordings from a cholinergic interneuron in response to this stimulation protocol, demonstrating that action potentials were fairly well time-locked to the light pulses. With this stimulation protocol, we were able to induce a transient but not long-lasting increase in intrinsic excitability of MSNs (Fig. 4C) . The number of spike per pulse measured at 20 min after the light stimulation was not significantly differently from the baseline value (6.3 ± 2.5 compared with 3.4 ± 0.3 in baseline, p ¼ 0.27, n ¼ 8, paired t-test). Interestingly, when applied in the presence of VU0453595 (3 mM), the submaximal stimulation protocol induced a robust, long-last increase in MSN excitability with an increase in number of spikes by 12.6 ± 2.6 per depolarization pulse (n ¼ 6; Fig. 4D ), significantly higher than that induced by the 2 Hz optical stimulation alone or application of the M 1 PAM alone, measured at 20 min after the light stimulation or washout of VU0453595 (2.9 ± 2.5, n ¼ 8; or 3.1 ± 2.3, n ¼ 9; Fig. 4E ). These results provided additional support for the important role M 1 mAChRs played in the cholinergic activation-induced persistent increase in NSM intrinsic excitability.
Activation of ionotropic glutamate receptors and DA receptors is not required for induction of the long-lasting increase in MSN excitability following activation of cholinergic interneurons
A previous study indicated that striatal cholinergic interneurons could co-release glutamate, which activates NMDA and AMPA/ kainate glutamate receptors in MSNs (Higley et al., 2011) . To determine if activation of ionotropic glutamate receptors is required for the induction of the persistent increase in MSN excitability, we included NMDA receptor antagonist AP5 (50 mM) and non NMDA receptor, AMPA/kainate receptor antagonist DNQX (20 mM) in the perfusate during the light stimulation. As illustrated in Fig. 5AeB , the ionotropic glutamate receptor antagonists did not reduce the ability of optical stimulation to induce the persistent increase in MSN excitability. The maximal number of spikes per pulse increased by 11.9 ± 2.2 after the light stimulation (n ¼ 5) with a mean increase by 8.6 ± 2.2 measured at 30 min after the stimulation, which were not significantly different from the data obtained from the experiment in the absence of DNQX and APV (n ¼ 9, p ¼ 0.52 and p ¼ 0.66, respectively, t-test, Fig. 5B ). This result indicates that the induction of M 1 receptor-dependent long-lasting excitation of MSNs does not require co-activation of ionotropic glutamate receptors.
Nicotinic acetylcholine receptors (nAChRs) are present the striatum, mainly at dopaminergic terminals, and dynamically regulate the dopamine neurotransmission (Kaiser et al., 1998; Zhang et al., 2009a Zhang et al., , 2009b , which could subsequently modulate intrinsic excitability of MSNs (Hernandez-Lopez et al., 1997; Planert et al., 2013; Surmeier et al., 1992) . In addition, nAChRs also express in subsets of striatal interneurons that provided inhibitory controls of MSNs (Faust et al., 2015 (Faust et al., , 2016 Koos and Tepper, 2002; Luo et al., 2013) . To determine if nAChRs play any roles in induction of this form of intrinsic plasticity following cholinergic activation, we included the nAChR antagonists mecamylamine and DHbE in the perfusate. In the presence of 10 mM mecamylamine and 1 mM DHbE, the persistent increase in excitability could still be induced in MSNs by the optical stimulation of striatal cholinergic system (Fig. 5CeD) . The maximal number of spikes per pulse increased by 16.7 ± 3.9 after the light stimulation (n ¼ 5) with a mean increase by 11.7 ± 4.3 measured at 25 min after the stimulation, which were not significantly different from the data obtained from the experiment in the control condition (n ¼ 9; p ¼ 0.48 and p ¼ 0.77, respectively, t-test, Fig. 5D ), indicating that nAChRs are not involved in the long-term increase in excitability MSNs following striatal cholinergic activation.
Striatal mAChR activation is known to strongly modulate dopamine release (Foster et al., 2014; Threlfell et al., 2010; Tzavara et al., 2004; Zhang et al., 2002b ) that, in turn, plays an important role in modulating intrinsic excitability of MSNs (Hernandez-Lopez et al., 1997; Planert et al., 2013; Surmeier et al., 1992) . To directly assess if increase in MSN excitability following activation of ChIs ismediated by dopaminergic system, we performed the experiment similar to those described above in presence of haloperidol at concentration of 20 mM that antagonized both D 1 and D 2 dopamine receptors (Seeman and Van Tol, 1994). As illustrated in Fig. 5EeF , the optical stimulation was still able to induce the persistent increase in MSN excitability in the presence of antagonism of D 1 and D 2 receptors. The maximal number of spikes per pulse increased by 14.1 ± 1.7 after the light stimulation (n ¼ 7) with a mean increase by 10.0 ± 1.5 measured at 25 min after the stimulation, which were not significantly different from the control experiment (n ¼ 9, p ¼ 0.79 and p ¼ 0.88, respectively, t-test, Fig. 5F ). Because haloperidol is primarily a D 2 preferring antagonist and might not completely antagonize D 1 activity at the concentration of 20 mM, we repeated the experiment in the presence of D 1 antagonist SCH23390. The long-lasting response could still be induced in MSNs by the optical stimulation in the presence of 3 mM SCH23390. The maximal number of spikes per pulse increased by 16.1 ± 1.9 after the light stimulation (n ¼ 3) with a mean increase by 13.1 ± 13.3 measured at 35 min after the stimulation, which were not significantly different from the control experiment (n ¼ 9; p ¼ 0.37 and p ¼ 0.38, respectively, t-test; Fig. S1 ). These data suggest that activity of striatal dopamine system is not required for induction of M 1 mediated persistent increase in MSN excitability.
Hyperpolarized action potential threshold and decreased afterhyperpolarization are associated with persistent increases in MSN excitability
Next, we sought to determine the mechanism underlying the increased intrinsic excitability of MSNs following cholinergic activation. We monitored the resting membrane potential (RMP), input resistance (R N ), action potential threshold and afterhyperpolarization (AHP) following a single action potential before and after induction of the persistent increase in intrinsic excitability. We found no significant changes in RMP and R N associated with the long lasting increased excitability (À88.7 ± 2.4 mV and 53.5 ± 7.1 MU during baseline, compared with À86.8 ± 2.8 mV and 54.3 ± 5.7 MU measured at 35 min after light stimulation, respectively, n ¼ 9; Fig. 6AeB ). The changes of action potential threshold and AHP were monitored by measuring the threshold and AHP of the first spike in response to a depolarization current ramp (100 pA/ s) with an amplitude that typically elicited 3e5 spikes in baseline condition. We found that the increased excitability was concomitant with hyperpolarized action potential thresholds and reduced AHP amplitudes. As illustrated in Fig. 6CeF , increase in ACh release by light stimulation caused negative shifts of the action potential threshold and decrease in AHP amplitude, which persisted along with long-lasting increase in excitability (AP threshold: À50.5 ± 1.2 mV during baseline, À53.1 ± 1.5 mV during light stimulation and À54.3 ± 1.4 mV at 35 min after light stimulation [ Fig. 6D ; n ¼ 7]; AHP: 8.1 ± 0.8 mV during baseline, 7.5 ± 0.7 mV during light stimulation and 6.5 ± 0.5 mV at 35 min after light stimulation [ Fig. 6E ; n ¼ 7]). The changes of AP threshold and AHP amplitude were also readily appreciated in the phase-plot of APs before and after light stimulation (Fig. 6F ). There were no statistically significant changes in maximal dv/dt and minimal dv/ dt after induction of the long-lasting increase in excitability ( Fig. 6G ; 157.9 ± 11.1 V/s in baseline, 163.9 ± 12.3 V/s during light stimulation, and 163.0 ± 16.0 V/s 35 min after light stimulation for maximal dv/dt; À53.5 ± 3.9 V/s in baseline, À53.9 ± 3.4 V/s during light stimulation, and À51.7 ± 3.8 V/s 35 min after light stimulation for minimal dv/dt). These data suggest that overall there are no significant changes in AP depolarizing and repolarizing kinetics associated with persistent increase in excitability.
Cholinergic activation enhances EPSP-action potential coupling in MSNs
To assess the consequence of increase the excitability of MSNs on excitatory synaptic signaling in the striatum, we tested the longterm impact of cholinergic activation on EPSP-action potential (EPSP-AP) coupling in MSNs. A pair of EPSPs were evoked in MSNs by electrical stimulation of the corpus callosum at inter-stimulation interval of 50 ms every 30 s and recorded at a membrane potential between À87 and À65 mV while the intensity of synaptic stimulation was adjusted such that the first EPSPs elicited spikes less than 30% of trials and the second EPSPs elicited spikes over 70% of trials. In such recording conditions, optical stimulation caused a long lasting increase in EPSP-AP coupling (1.9 ± 0.1 spikes/2 EPSPs 30 min after light stimulation, compared with 0.9 ± 0.2 spikes/2 EPSPs during baseline, p ¼ 0.011, n ¼ 5; Fig. 7A and B) . The increase in EPSP-AP coupling was associated with hyperpolarized shifts of AP threshold with no changes in the EPSP slope (AP threshold: À52.6 ± 1.2 mV during baseline, compared with À55.0 ± 1.7 mV 30 min after light stimulation, n ¼ 5, Fig. 7C ; EPSP slope: 2.64 ± 0.82 mV/ms during baseline, compared with 2.59 ± 0.96 mV/ms 30 min after light stimulation, n ¼ 5; Fig. 7D ).
3.7. M 1 PAM VU0453595 enhances dorsolateral striatumdependent, non-spatial discrimination learning
The dorsolateral striatum is critically involved in motor learning, particularly stimulus-response learning and non-spatial discrimination motor learning (Darvas and Palmiter, 2009; Devan and White, 1999; Featherstone and McDonald, 2004; Graybiel, 2008; . Previous studies indicated that in rats a substantial number of MSNs and ChIs in the dorsolateral striatum have increased activity during acquisition of auditory cuedependent T-maze learning (Barnes et al., 2005) and during the trial onset in performing an auditory cue-dependent behavioral task (Barnes et al., 2005; Yarom and Cohen, 2011) , respectively. These data raised an interesting possibility that an increase in activity of MSNs following M 1 mAChR activation could enhance the performance of dorsolateral striatum-dependent learning task. To test this hypothesis, we determined the ability of M 1 PAM VU0453595 to enhance non-spatial discrimination motor learning by using a visual cue-dependent, water based T-maze task that has been shown to depend on functional integrity of the dorsolateral striatum (Balleine et al., 2009; Darvas and Palmiter, 2009; Gorski et al., 2003) . In the task, the mice swim down the maze to an intersection point where they choose between two arms with different patterns on the walls (intra-maze cues). A correct response consists of entering the arm with the escape platform without previously entering an incorrect arm. The mice were tested daily 30 min after treatment with VU0453595 (1e10 mg/kg; n ¼ 9e10) or vehicle (20% BCD; n ¼ 9). Mice in all treatment groups increased the percent of correct choices to approximately 80% by the end of testing (effect for time; F(9,351) ¼ 14.63, p < 0.0001) (Fig. 8A) . More specifically, the number of correct choices significantly increased from day 1e7 (F(6,249) ¼ 7.159, p < 0.0001) and remained unchanged from days 8e10 (F (2,102) ¼ 0.38, p > 0.05). Pretreatment with VU0453595 dose-dependently led to a significant increase in correct choices during the tests on days 1e7 (F(3,249) ¼ 5.375, p ¼ 0.0013). However, on days 8e10, vehicle animals performed the task at a similar level as VU0453595 treated animals (F(3,102) ¼ 0.86, p > 0.05). All mice met criteria (75 percent correct choices in a single testing session) by day 10 of testing. Animals pretreated with VU0453595 significantly reduced the number of trials needed to meet criteria when compared to vehicle treated animals (F(3,36) ¼ 3.287, p ¼ 0.0316). Vehicle treated animals reached criteria in 36 ± 7.4 trials while animals treated with 1, 3, or 10 mg/kg VU0453595 met criteria in 37.6 ± 6.3, 23.2 ± 3.9, and 17.6 ± 2.6 trials, respectively (Fig. 8B) . Thus, daily VU0453595 administration appears to enhance the acquisition of this version of non-spatial discrimination learning as evident by reducing the time required to achieve the correct choice criteria.
Discussion
In the present study, we used optogenetic techniques in combination with novel pharmacological tools to investigate long-term effect of transient increase in striatal cholinergic activity on intrinsic excitability of striatal projection neurons. We focused on MSNs in the dorsolateral striatum, part of a sensorimotor circuit that is critically involved in stimulus-response controlled habits and general performance of learned behavioral tasks (Featherstone and McDonald, 2004; Graybiel, 2008) . We found that striatal cholinergic activation by optogenetic stimulation results in persistent increase in intrinsic excitability of both direct and indirect pathway MSNs. The induction of this long-lasting increase in excitability is mediated by M 1 mAChR activation. A hyperpolarized action potential threshold and decreased AHP amplitude are associated with the long-lasting increase in excitability, which subsequently lead to an increase in EPSP-AP coupling in MSNs.
Muscarinic ACh receptor mediated signaling plays an important role in regulating activity-dependent long-term synaptic plasticity in various brain regions, including hippocampus, cortex, striatum and amygdala (Calabresi et al., 1992 (Calabresi et al., , 1999 Huerta and Lisman, 1993; McCoy et al., 2008; McCoy and McMahon, 2007; Shinoe et al., 2005; Watanabe et al., 1995; Zheng et al., 2012) . In addition, mAChR activation itself can induce long-term synaptic depression or potentiation in the hippocampus and cortex (Fernandez de et al., 2008; Scheiderer et al., 2006) . However, the long-term impact of muscarinic receptor activation on neuronal excitability has been elusive. Now we provide evidence that a transient increase in activity of striatal cholinergic system can induce a long-lasting increase in intrinsic excitability of both striatonigral and striatopallidal MSNs. The induction of this longlasting response is dependent on activation of M 1 receptors, as the magnitude of the long-term response could be attenuated or potentiated by M 1 antagonist VU0255035 or M 1 PAM VU0453595, respectively (Figs. 3 and 4) .
Striatal cholinergic interneurons can co-release glutamate that acts on NMDA and AMPA/kainate receptors on MSNs, as indicated in a previous study (Higley et al., 2011) as well as our unpublished observation using optogenetic approaches where activation of ChIs and processes in the striatum produces postsynaptic responses in MSNs that can be reduced by NMDA and AMPA/kainate receptor antagonists. It has been shown that NMDA receptor activation is required for induction of the persistent increase of intrinsic excitability in CA1 pyramidal cells, accompanying the long-term potentiation (LTP) induced by pairing of pre-and postsynaptic activity at Shaffer collateral-CA1 synapses (Xu et al., 2005) . One possibility is that the long-lasting increase in MSN excitability observed in the present studies could be through the activation of glutamate receptors, particularly NMDA receptors in MSNs, owing to co-release of glutamate by ChIs. However, in the presence of ionotropic glutamate receptor antagonists DNQX and AP5, the persistent increase in intrinsic excitability still occurred following the transient increase in striatal cholinergic activity (Fig. 5A ), suggesting that NMDA receptor activation is not required. Cholinergic activation also regulates striatal dopamine release via nAChRs as well as mAChRs (Foster et al., 2014; Threlfell et al., 2010 Threlfell et al., , 2012 Tzavara et al., 2004; Zhang et al., 2002b) , and dopaminergic signaling could, in turn, modulate MSN excitability (HernandezLopez et al., 1997; Planert et al., 2013; Surmeier et al., 1992) . Activation of D 1 -like receptor has been reported to induce prolonged increase in intrinsic excitability in other neuronal population, such as layer V pyramidal cells in the prefrontal cortex (Chen et al., 2007) . However, the present studies demonstrate that the longlasting response can still be induced in the presence of DA receptor antagonism (Fig. 5 and Fig. S1 ). Taken together, these results strongly suggest that a transient elevation in striatal cholinergic activity can induce a long-lasting intrinsic plasticity in MSNs that is dependent on M 1 mAChR activation, but does not require activation of ionotropic glutamate receptors nor does it require dopamine receptor activation.
Recent studies suggest that striatal cholinergic activation could drive inhibitory responses in MSNs (Nelson et al., 2014; Witten et al., 2010) via GABA release from DA terminals (Nelson et al., 2014) or from subsets of interneurons mediated by nAChRs (English et al., 2012; Faust et al., 2015 Faust et al., , 2016 Luo et al., 2013) . In the present studies, we also observed transient depolarization followed by hyperpolarization in response to light stimulation in a small subset of MSNs, which might reflect the co-release of glutamate from cholinergic terminals (Higley et al., 2011) and co-release of GABA from DA terminals (Nelson et al., 2014) and/or release of GABA from interneurons in response to nAChR activation (English et al., 2012; Faust et al., 2015 Faust et al., , 2016 Luo et al., 2013) . Nevertheless, these MSNs also exhibited long-lasting increase in intrinsic excitability following the optogenetic activation of striatal cholinergic system regardless of the presence of seemingly inhibitory responses during the light stimulation. This observation indicates that the transient, seemingly inhibitory response during the light stimulation did not interfere with the induction of long-lasting increase in MSN intrinsic excitability by the cholinergic activation.
One possible mechanism underlying the persistent increased excitability of MSNs might be the prolonged elevation of ambient ACh caused by a persistent increase in ChI discharges following optogenetic stimulation. We reasoned that it is unlikely, because optogenetic stimulation did not produce an apparent increase in spontaneous firing of ChIs after the stimulation terminated (Figs. 1B  and 4B ). Furthermore, while the M 1 antagonist VU0255035 Fig. 8 . M1 PAM VU0453595 enhances cue-dependent non-spatial learning. A. All mice learned the task to about 80 percent efficiency by day 10 of testing. Pretreatment with VU0453595 significantly increased the percent of correct choices made during testing days 1e7 when compared to vehicle treated animals. Data represent mean percent correct ± S.E.M.; p ¼ 0.0013. There were no significant differences between vehicle and VU0453595 treated mice from day 8e10 (p > 0.05). B. All mice met criteria (75 percent correct during one testing session) by day 10 of testing. Mice treated with VU0453595 (10 mg/kg) reached criteria in significantly less trials than vehicle treated mice. Data represent mean number of trials to criteria ±SEM; *p ¼ 0.0316.
inhibited the long-term increase in MSN excitability when applied during light stimulation (Fig. 3) , it had no effect when applied 10 min after the light stimulation (data not shown). These results suggest that the long-lasting response could not be attributed to persistent increase in ambient ACh following optogenetic stimulation of striatal cholinergic system.
We and others have shown that muscarinic agonists can inhibit glutamatergic synaptic transmission in striatal MSNs (HernandezEcheagaray et al., 1998; Higley et al., 2009; Pakhotin and Bracci, 2007; Pancani et al., 2014) , and this effect is mediated by M 4 receptors (Pancani et al., 2014) . In contrast, we did not observe the change of EPSP slope during the optical activation of striatal cholinergic system (Fig. 7CeD) . It could be due to the timing of optical and electrical stimulations, and the amount of ACh available when EPSPs were evoked. Our previous studies showed that increase in ChI activity by optical stimulation (500 ms) applied 25 ms prior to the electrical stimulation of the glutamatergic afferents could only cause a small (~10%), transient, not significant inhibition of EPSCs in MSNs in striatal slices taken from ChAT-ChR2 mice (Pancani et al., 2014) , suggesting that M 4 receptors that mediate this action are not activated substantially by the amount of ACh release upon the optical stimulation. Additionally, in the present studies the EPSPs were evoked after the termination of 10s optical stimulation (see method section), in which there might not be sufficient ACh available to activate M 4 receptors when EPSPs were evoked, due to the fact that the increase in ChI firing induced by 10s optical stimulation decays considerably during the late part of the stimulation (Fig. 1B) and the amount of residual, increased ACh might not be sufficient to activate M 4 receptors. M 1 receptor activation can acutely regulate intrinsic neuronal excitability in various brain regions, including striatal MSNs, through modulating multiple ionic channels (Brown and Passmore, 2009; Carr and Surmeier, 2007; Chiang et al., 2010; Fisahn et al., 2002; Krnjevic, 2004; Shen et al., 2005 Shen et al., , 2007 Xiang et al., 2012) . One of the most prominent channels that are modulated by M 1 receptor activation is the low-threshold, non-inactivating voltagegated M-type potassium channels (also known as the Kv7 channels or KCNQ channels) (Brown and Passmore, 2009; Delmas and Brown, 2005; Marrion, 1997; Shen et al., 2005) . It has been shown that the Kv7.2/KCNQ2 and Kv7.3/KCNQ3 subtypes are expressed in striatal MSNs and M 1 receptor activation inhibits the activity of these channels (Shen et al., 2005) . Interestingly, in the infralimbic prefrontal cortex, brief block of M-channels with XE-991, an M-channel inhibitor, resulted in a prolonged increase in neuronal excitability that was associated with a decrease in AHP amplitude following a single action potential (Santini and Porter, 2010) . Thus, it is likely that the long-lasing increase in MSN excitability and the associated decrease in AHP amplitude observed in the present studies are initiated by M 1 mediated inhibition of Mchannels. In addition, M 1 mediated modulation of M-channels might also contribute to the decrease in AP threshold accompanying the long-lasting increase in excitability. In line with this, it has been indicated that M-channels in the axon initial segment can control AP threshold in CA1 pyramidal cells, and reduction of the M-channel function results in a decreased AP threshold (Shah et al., 2008) . It remains to be determined whether a similar mechanism operates in the M 1 receptor activation-initiated long-term decrease in AP threshold observed in the present studies. While the mechanism by which M 1 activation induces a lasting decrease in Kv7 currents is not known, similar persistent changes in currents through voltage-dependent channels have been observed in other neuronal populations (Brager and Johnston, 2007; Fan et al., 2005; Frick et al., 2004; Nelson et al., 2005; Schreurs et al., 1998; Wang et al., 2003; Xu et al., 2005; Yang and Santamaria, 2016) , and could be mediated by multiple potential mechanisms, including persistent changes in channel phosphorylation states or internalization of functional channels.
Striatal ChIs are tonically active and the prominent component of ChI activity is thought to be a burst-pause pattern in response to salient stimuli, particularly in primates (Aosaki et al., 1995; Apicella, 2007; Kimura et al., 1984) , which might be engaged through thalamic inputs (Ding et al., 2010) . More recent studies indicated that ChIs in rodent dorsolateral striatum displayed robust excitation during performing movement in an auditory cue-dependent behavioral task, and particularly the increased activity was associated with the trial onset (Benhamou et al., 2014; Yarom and Cohen, 2011) . The increased cholinergic activity associated with movement onset might play a central role in facilitating striatumdependent motor learning through activation of muscarinic receptors.
The finding that M 1 mAChR activation results in intrinsic plasticity that leads to increased EPSP-AP coupling in dorsolateral striatal MSNs is particularly interesting in view of mounting body of studies indicating the critical role of the dorsolateral striatum in non-spatial stimulus-response learning or habit learning (Balleine et al., 2009; Darvas and Palmiter, 2009; Devan and White, 1999; Featherstone and McDonald, 2004; Graybiel, 2008; McDonald and White, 1994; . In particular, inactivation of dorsolateral striatum impaired the acquisition of response learning in an intra-maze cue-dependent T-maze task (Chang and Gold, 2004) , and changes in spike activity patterns of neurons in the dorsolateral striatum were highly correlated with changes in behavioral performance in auditory cue-dependent T-maze task (Barnes et al., 2005) . In addition, a gradual increase in dorsolateral ACh level was found to be associated with the development of the response learning in a cross maze task and the animals with the highest ratio of basal ACh in the dorsolateral striatum verses hippocampus were the first to switch from a place to response strategy in this learning task (Chang and Gold, 2003) , indicating the important involvement of striatal cholinergic system in stimulusresponse learning. In the present studies, we demonstrated that M 1 PAM is able to facilitate cue-dependent response learning in a water based T-maze, a task that depends upon intact dorsolateral striatum function. This finding, together with the results from previous studies, highlights the importance of M 1 receptors in striatum-dependent learning.
Moreover, muscarinic receptor activation also plays an important role in regulating long-term synaptic plasticity at corticostriatal synapses (Calabresi et al., 2000; Pisani et al., 2007) . Particularly, activation of M 1 mAChRs has been suggested to promote induction of activity-dependent LTP and suppress long-term depression at corticostriatal synapses in the dorsolateral striatum (Bonsi et al., 2008; Calabresi et al., 1992 Calabresi et al., , 2000 Wang et al., 2006) . Thus, the persistent increase in EPSP-AP coupling dorsolateral striatum resulting from M 1 -dependent intrinsic plasticity in MSNs, together with M 1 -mediated facilitation of activity dependent longterm synaptic plasticity at corticostriatal synapses, might provide the cellular mechanisms by which M 1 receptor activation promote striatum-dependent learning.
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